Abstract. We present experimental evidence that the free-electron laser at the TESLA Test Facility has reached the maximum power gain of 10 7 in the vacuum ultraviolet (VUV) region at wavelengths between 80 and 120 nm. At saturation the FEL emits short pulses with GW peak power and a high degree of transverse coherence. The radiation pulse length can be adjusted between 30 fs and 100 fs. Radiation spectra and fluctuation properties agree with the theory of high gain, single-pass free-electron lasers starting from shot noise. 
Introduction
Over the past 30 years, the synchrotron radiation has been developed into a most powerful research tool with applications in many different fields of science ranging from physics, chemistry and biology to materials sciences, geophysics and medical diagnostics. Rapid progress was driven by improvements in the technology of electron storage rings and of periodic arrays of magnets called undulators thus providing increasingly brilliant sources of synchrotron radiation. The radiation generated in these devices is based on spontaneous radiation of many electrons uncorrelated in space and time. As a consequence, the radiation power scales linearly with the number N e of electrons, and the radiation exhibits only limited coherence in space and time.
In order to increase the power and the coherence of the radiation one has to force the electrons to emit coherently by compressing them into a length small compared to the wavelength of the radiation. Passing such a "point-like" bunch of relativistic energy electrons through an undulator would cause a dramatic boost of the radiation power P rad ∝ N e 2 with N e the number of electrons in the bunch. Such a tight compression of an entire bunch is not possible for wavelengths in the nanometer regime. However, if one succeeds to arrange a large number of "point-like" bunchlets longitudinally into a periodic array, with the periodicity given by the wavelength of radiation, one obtains indeed coherent radiation of these bunchlets with the additional advantage of compressing all the radiation into a narrow forward cone. The principle of the Free-Electron Laser (FEL), first demonstrated with a relativistic electron beam by Madey and his colleagues [1, 2] , is based on this idea.
In an FEL, a bunch of electrons with length much longer than the desired wavelength is effectively "cut" into slices with the periodicity of the radiation wavelength by a resonant process taking place in the combined presence of the periodic transverse magnetic field of an undulator and the electromagnetic radiation generated in this same magnet. The wavelength λ ph of the first harmonic of the FEL radiation is related to the period length λ u of a planar undulator by
where
is the relativistic factor of the electrons, K = eB u λ u /2πm e c is the "undulator parameter" with B u being the peak magnetic field in the undulator, m e the electron rest mass and c the speed of light. Equation (1) exhibits two main advantages of the free-electron laser: the free tunability of the wavelength by changing the electron energy or the magnetic field, and the possibility of achieving very short photon wavelengths by using ultra-relativistic electrons.
For most FELs presently in operation [3] , the electron beam quality and the undulator length result in a gain in radiation power of up to a few 100% per undulator passage. Thus an optical cavity resonator and a synchronized Laser (FEL) operating in the Self-Amplified-SpontaneousEmission (SASE) mode (top) and the bunch charge density modulation, developing in parallel to the radiation power (bottom). Note that in reality the frequency of the density modulation within the bunch (i.e. the number of "slices") is much larger.
multi-bunch electron beam have to be used in order to build up high radiation brightness upon several passages of an electron beam through the undulator. At very short wavelengths, normal-incidence mirrors of high reflectivity are unavailable thus demanding that the maximum gain be reached within a single passage through the undulator. To this end, the generation of an electron beam with extremely small spatial dimensions, high peak current and small energy spread, and a high-precision undulator of sufficient length are essential.
Provided the input radiation present in the first part of the undulator overlaps the electron beam, the electromagnetic radiation interacts with the electron bunch leading to a steadily growing density modulation (micro-bunching) which enhances the power and coherence of radiation. In this "high gain mode" [4] [5] [6] , the radiation power P (z) grows exponentially with the distance z along the undulator (see Fig. 1 )
where L g is the power gain length and P 0 the effective input power (see below). The input coupling factor [5, 6] A is equal to 1/9 in one-dimensional FEL theory with an ideal electron beam. At the end of this process, when the electron bunch is completely modulated, i.e. "cut into slices" as explained above, laser saturation sets in and no further power gain is possible. For very short wavelengths below the visible, there exists no laser which is tunable over a wide range and could provide the input power P 0 . Instead, the spontaneous undulator radiation from the first part of the undulator is used as an input signal to the amplification process. Since a decade, FELs based on this SelfAmplified-Spontaneous-Emission (SASE) principle [7, 8] are considered the most attractive candidates for extremely brilliant, coherent light sources with wavelengths down to the Angström regime [9] [10] [11] [12] . Compared to stateof-the-art synchrotron radiation sources, one expects full transverse coherence, larger average brilliance and, in particular, up to eight or more orders of magnitude larger peak brilliance (see Fig. 2 ) at pulse lengths of about 100 fs FWHM. In terms of peak power, coherence and tunability, FELs are also superior to other lasers or frequency conversion schemes aiming at VUV and X-ray wavelengths (see for example Ref. [13] ).
The present paper reports on the first demonstration of such spectacular performance of a SASE FEL for wavelengths around 100 nm, i.e. in a wavelength range not directly accessible by conventional lasers. In the past three years, high SASE gain and saturation have been achieved at longer wavelengths [14, 15] in proof-of-principle experiments. The present vacuum-ultraviolet (VUV) FEL is, in addition to proving the principle, a most attractive radiation source for many scientific users. First exciting results on the interaction of the high power FEL photon beam with solids and clusters have already been obtained.
Experimental set-up
The experimental results presented in this paper have been achieved at the TESLA Test Facility (TTF) Free-Electron Laser [16] at the Deutsches ElektronenSynchrotron DESY. The TESLA (TeV-Energy Superconducting Linear Accelerator) collaboration consists of 44 institutes from 10 countries and aims at the construction of a 500 GeV (center-of-mass) e + /e − linear collider with an integrated X-ray laser facility [11] . Major hardware contributions to TTF have come from Germany, France, Italy, and the USA. The present TTF layout (phase 1) is shown in Figure 3 . The main parameters for FEL operation are given in Table 1 . In a second phase, the installation will be upgraded to a soft X-ray user facility [17, 18] . The injector is based on a laser-driven photocathode installed in a 1 1 2 -cell radio-frequency (rf) cavity operating at 1.3 GHz [20] with a peak accelerating electric field of 37 MV/m on the photocathode. At the exit of the cavity the electron energy is 4 MeV. The Cs 2 Te cathode [21] is illuminated by a train of UV laser pulses generated in a mode-locked solid-state laser system [22] synchronized with the rf. It generates bunch charges of several nC at up to 2.25 MHz repetition rate [23] . The UV pulse length measured with a streak camera is σ t = 7.1±0.6 ps. Experiments so far have operated with up to 70 electron bunches per second.
The gun section is followed by a 9-cell superconducting cavity, boosting the energy to 16 MeV. Two 12.2 m long accelerating modules each containing eight 9-cell superconducting niobium cavities [19] provide a beam energy of up to 300 MeV. In the first module the electrons are accelerated on the slope of the rf wave to impress a position-dependent energy distribution within the bunch, the front electrons receiving lower energy gain than the tail electrons. In the following magnetic chicane [24] the front particles move on a longer trajectory than the tail particles. Thereby the bunch lengths can be reduced by a factor of five. The second module accelerates the compressed bunches on the crest of the rf wave. The bunch compression is essential for obtaining the large peak currents that are needed in the SASE FEL.
Beam dynamics simulations indicate a peak current of 1−1.5 kA within a short leading spike, followed by a long tail with much less current. The length of the spike can be tuned down to about 100 fs duration. Only this spike provides sufficiently high peak current to reach large FEL gain, and even saturation, within the available undulator length. As a consequence, the FEL radiation pulse length can be tuned by changing the length of this spike. The measurement of the FEL radiation pulse length (see below) is consistent with simulations of electron beam dynamics and of the FEL process.
The undulator is a permanent magnet device [25] with a 12 mm gap and an undulator parameter of K = 1.17. Permanent-magnet quadrupole fields are superimposed on the periodic undulator field in order to focus the electron beam along the undulator. The undulator system is subdivided into three segments, each 4.5 m long and containing 10 quadrupole sections with alternating gradients. The total length of the system is 14.1 m. The vacuum chamber incorporates 10 beam position monitors and 10 dipole magnets per segment for orbit steering, one for each quadrupole magnet [26, 27] . For optimum overlap between the electron bunch and the emitted radiation, high precision on the magnetic fields and on the mechanical alignment are required. The undulator field quality was adjusted such that the expected rms deviations of the electrons from the ideal orbit should be smaller than 10 µm at 300 MeV [28] . The beam orbit straightness in the undulator is determined by the alignment precision of the quadrupole magnets which is better than 50 µm in both vertical and horizontal direction.
Experimental results
Since the first lasing observed at the TTF [29] the performance of the SASE FEL has been steadily improved. By varying the energy of the linear accelerator, full wavelength tunability in a wide range from 80 to 180 nm [30] has been demonstrated, as depicted in Figure 4 . Further work has been focused on the range from 80 nm to 120 nm by request of first scientific users. Recently, saturation has been achieved in this entire wavelength range.
For a characterization of the FEL process, the energy of the radiation as well as its spectral characteristics and angular distribution have been measured. 1)). The individual dots outside the range in which saturation has been achieved represent an FEL gain of typically > 1 000 demonstrated in an earlier stage of the experiment [30] . After a linac upgrade to electron beam energies of up to 1 GeV (TTF 2), the FEL will enter the soft X-ray region [18] . Table 1 .
pulse as a function of the active undulator length, defined as the distance over which the electron beam and the photon beam overlap. The wavelength for this measurement was chosen at 98 nm. The active length of the undulator can be varied over a large range by generating suitable orbit displacements of the electron beam, making use of the steering dipole magnets mounted inside the undulator. The orbit deflection produced by a steerer is sufficient to inhibit the FEL amplification process downstream of this magnet. The radiation energy has been measured within a 10 mm aperture located 12 m behind the undulator. Two detectors have been used: a gold wire mesh scattering light onto a microchannel-plate detector [31] and a thermopile [33] . Both agree within 50% in the measured pulse energy. When the electron and photon beam have insufficient overlap along the whole undulator, the FEL amplification is suppressed and the detector shows the expected level of spontaneous emission of about 2.5 nJ from the entire electron bunch, collected from the full undulator length. By providing a good overlap of the two beams over an increasing length of the undulator, the FEL amplification is gradually switched on and the radiation energy rises exponentially until a plateau is reached at a level of 30 to 100 µJ, depending on the accelerator tuning. Figure 5 clearly exhibits the exponential growth of SASE power with the undulator length, yielding a power gain length of L g = 67±5 cm. The almost constant level of radiation energy observed for an active undulator length of less than 5 m does not imply that there is no FEL gain in this part of the undulator. In contrast, this is due to the fact that in the first few meters of the undulator, the FEL radiation stays below the energy of spontaneous radiation accumulated over the entire undulator. In fact, extrapolation of the exponential gain curve down to the beginning of the undulator results in a pulse energy P 0 Aτ rad ≈ 0.3 pJ (see Eq. (2); for determination of the duration of the radiation pulse τ rad see below), in good agreement with the equivalent input power P 0 of the shot noise from spontaneous radiation, estimated for a random electron distribution [6] . The important conclusion is that the entire undulator contributes to the SASE process, i.e. there are neither sections with too large undulator field errors nor local electron orbit distortions leading to imperfect overlap between electron and photon beam. We conclude that the FEL gain is about 10 7 in terms of effective power of shot noise. The measured power growth is also in agreement with the theoretical expectation. The solid curve in Figure 5 represents a three-dimensional numerical SASE simulation [34] using the electron beam and undulator parameters of Table 1 which were experimentally verified.
Measurements of the spectral distribution are presented in Figure 6 . Single-shot spectra were taken with a monochromator of 0.2 nm resolution equipped with an intensified CCD camera [33] . The curve in the upper right corner represents the spectrum averaged over 100 bunches. The single shot spectra show an ensemble of a few peaks which reflect the number of longitudinal modes in the radiation pulse [35] , as it is expected for SASE FEL radiation starting from shot noise.
The pulse duration is a very important parameter but presently not accessible to direct measurement in the time domain. The FWHM spectral width ∆ω of each peak in the single shot spectrum is related to the approximate radiation pulse length by τ rad 2π/∆ω. For the spectra shown in Figure 6 this results in τ rad 50 fs. To meet the requirements of scientific users, it is very important to tune the length of the radiation pulse in a well defined way. This can be done by varying the bunch compressor settings, thus changing the length of the high-current spike in the electron bunch. Figure 7 compares single shot spectra for two bunch compressor settings. With a longer spike reaching high FEL gain, one expects more longitudinal modes in the radiation pulse and consequently more peaks within its spectral distribution, each peak having a correspondingly smaller width ∆ω. This is in accordance with our observation. For the long pulse setting illustrated in Figure 7 the estimated FWHM pulse duration Figure 5 . The upper plot is for short electron bunch setting (equal to the setting used for Fig. 7, top) , the middle plot is for long electron bunch setting (equal to the setting used for Fig. 7, bottom) , and the lower one is for the radiation pulse having passed a narrow-band monochromator. The solid curves represent gamma distributions according to equation (3) with the mode number M = σ −2 calculated from the standard deviation σ of each distribution.
is τ rad 2π/∆ω 100 fs. According to the theory of SASE FELs, the number of longitudinal modes M should be determined by both ∆ω and the FWHM width ∆ω avg of the averaged spectrum through M = √ π∆ω avg /∆ω [6] , in reasonable agreement with spectra shown in Figures 6  and 7 .
A more detailed understanding of the statistical and time domain properties can be achieved through an analysis of fluctuation measurements. These fluctuations have two different aspects which are intimately related to each other: fluctuations of the single pulse spectra, illustrated in Figure 6 , and fluctuations of the pulse-to-pulse intensity as shown in Figure 8 for the two different pulse length settings used for Figure 7 .
It is essential to realize that the fluctuations seen in Figure 8 are not due to unstable operation of the accelerator but are inherent to the SASE process. Shot noise in the electron beam causes fluctuations of the beam density, which are random in time and space [36] . As a result, the radiation produced by such a beam has random amplitudes and phases in time and space and can be described in terms of statistical optics. In the regime of exponential growth, the radiation pulse energy is expected to fluctuate according to a gamma distribution p(E) [35] ,
where E is the mean energy, Γ (M ) is the gamma function with argument M , and
is the normalized variance of E. The parameter M corresponds to the number of optical modes, which is in fact identical to the number of longitudinal modes introduced before, because the radiation is transversely coherent (see below). As can be seen from Figure 8 the observed distribution of the energy in the radiation pulses is in good agreement with the gamma distribution for both pulse length settings. The relative rms fluctuations are about 61% and 41%, respectively. The values for M extracted from fluctuation analysis, agree with those achieved from single shot spectral analysis qualitatively. A special case is M = 1, which can be realized by applying a narrow monochromator window to the FEL radiation, for instance to the spectra displayed in Figure 6 . We have used a spherical grating in Littrow mounting with a resolution of about ∆ω/ω 10 −4 [37] . In this case, equation (3) predicts a negative exponential distribution in agreement with the data in Figure 8 . Note that the same kind of statistics applies for completely chaotic polarized light, in particular for spontaneous undulator radiation. In the end, it is the good agreement of fluctuation analysis with the model of chaotic polarized light which justifies the extraction of the pulse duration from single shot spectra as done here.
The energy distribution differs from a gamma distribution when the laser saturation level is reached. It is worth noting that the observed distribution (Fig. 9 ) is also well reproduced by the numerical simulation without having to introduce any new parameters beyond those needed in the exponential regime.
A crucial feature is the transverse coherence of the FEL radiation [38] . Figure 10 shows two diffraction patterns of the FEL radiation measured in a distance of 3 m behind a double slit and two crossed slits (see pictographs), respectively. The images displayed in the upper part of the figure have been recorded with a gated CCD camera viewing a Ce:YAG fluorescent screen, which converts the VUV radiation to visible light. The intensity profiles in the lower part represent horizontal cuts through the centre of the corresponding diffraction pattern. The remarkably high fringe visibility is a proof of the high degree of transverse coherence. The less pronounced minima in the left part of the double slit profile may be explained by the varying focusing properties of the CCD camera due to the observation angle of 45
• or by inhomogeneities of the yield of the Ce:YAG crystal. The transverse coherence of the FEL radiation illustrated by the diffraction patterns has been corroborated by measurements of the opening angle of the radiation [34] .
With a number of 2 × 10 13 photons per pulse, a pulse length of 50 fs and the full transverse coherence, the peak brilliance is 2 × 10 28 photons/(s mrad 2 mm 2 (0.1% bandwidth)), eight orders of magnitude higher than at third generation synchrotron radiation sources (cf. Fig. 2) , and the peak radiation power is about a gigawatt. The degeneracy parameter (the number of photons per mode) is about 10 13 and thus in the same order of magnitude as for quantum lasers operating in the visible light regime and more than two orders of magnitude above values achieved by High Harmonic Generation (HHG) from conventional laser light into the VUV [13] .
Conclusion and outlook
A new generation of radiation sources for VUV radiation at wavelengths in the 100 nm range has become available exceeding the peak brilliance of other existing sources by several orders of magnitude. Due to the basic underlying principle, full wavelength tunability and adjustable pulse lengths below 100 fs are possible and have been demonstrated.
The device will be upgraded to a user facility for soft X-rays available for scientific users starting in 2004. The demonstrated technology is also suitable to realize an Xray laser user facility for Angström wavelengths [9] [10] [11] , such as proposed within the TESLA project.
